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The electronic transport behaviors of Ni0.36Nb0.24Zr0.40100−yHy 0y20 glassy alloys with
distorted nanostructural icosahedral Zr5Nb5Ni3 clusters have been studied as a function of hydrogen
content. These alloys show semiconducting, room-temperature superior electric transport,
superconducting onset temperature of 10 K and electron avalanche behaviors, and electric
current-induced voltage Coulomb oscillation, as hydrogen content increases. These results suggest
that the localization effect of hydrogen at the outside and inside space of the clusters plays important
roles in various electron transport phenomena. © 2010 American Institute of Physics.
doi:10.1063/1.3284207
I. INTRODUCTION
Glassy alloys are peculiar metallic alloys that lack the
long-range cyclic order of crystalline alloys, on the
nanoscale.1,2 Therefore, glassy alloys, which are considered
to be a macroscopic material with a mesoscopic system of
nanostructures, are candidate materials for future nanoelec-
tronic devices. Following the theoretical pioneering work of
Ben–Jacob and Grefen3 and the subsequent discovery of the
Coulomb blockade effect by quantum-dot tunneling at low
temperature,4,5 especially, a number of studies have reported
to achieve room-temperature oscillation.6–11 Recently, we
observed electric current-induced voltage oscillation in
Ni0.6Nb0.41−xZrx1−yHy 30x50, 0y0.2,12–14
Ni0.6Nb0.41−sZrs1−zDz s=0.30, 0.35, 0.40, and 0.45,
0.091z0.148,15 and Ti0.5Ni0.25Cu0.251−tHt0 t
0.152 Ref. 16 glassyalloys with multiple junctions in the
temperature range of 373–6 K, based on Coulombic oscilla-
tion of protons deuteron. We propose the tunnelling of in-
dividual protons that are charging and discharging the va-
cancy capacitance of Zr-HD--HD-Zr atomic bond
arrays among the ZrNb-tetrahedral sites, where  is the
vacancy barrier, termed the free volume, in the glassy alloys.
Furthermore, the frequency of the Ni36Nb24Zr4090.1H9.9
glassy alloy decreased remarkably with increasing capaci-
tance C and resistance R in the dc/ac circuit at room
temperature.14 This resembles discharging behavior in which
a constant voltage-discharge tube with a parallel condenser
and high resistance causes block oscillation, which is derived
from the charging and discharging of the capacitance.17 Thus
the glassy alloy could be regarded as a dc/ac converting de-
vice with a large number of nanofarad capacitance.14 Indeed,
the hydrogenated glassy alloy is characterized by an assem-
bly free volume of such vacancies 0.7–3 at. %,18 which
are distributed homogeneously among the icosahedral clus-
ters. This is in sharp contrast to crystalline alloys with higher
hydrogen content, in which cooperative motions of hydrogen
are present.19 Furthermore, the hydrogen atoms of Ni–Nb–Zr
glassy alloys settle stably into four-coordination sites that are
surrounded tetrahedrally by four ZrNb atoms.20
In this study, we report on the various electronic trans-
port behaviors, in addition to Coulombic oscillation, of indi-
vidual Ni–Nb–Zr–H glassy alloys. We have chosen a melt-
spun flexible amorphous alloy Ni0.6Nb0.41−xZrx1−yHy x
=0.30, 0.32, 0.34, 0.35, 0.36, 0.38, 0.40, 0.45, and 0.50, 0
y0.20 with excellent hydrogen permeability,21 as the
matrix specimen. The alloy is a typical metal-metal-type al-
loy that consists of familiar transition elements. Our interest
lies in investigating the hydrogen-dependent electronic trans-
port behaviors of the Ni0.36Nb0.24Zr0.40100−yHy 0y20
glassy alloys in terms of localization effect of hydrogen.
However, these are no previous reports on this subject for
glassy alloys with hydrogen.
II. EXPERIMENTAL
The rotating wheel method under an argon atmosphere
was used for the preparation from argon arc-melted ingots of
amorphous Ni0.6Nb0.41−xZrx1−yHy alloy ribbons of 1-mm
width and 20-m thickness. Hydrogen charging was carried
out electrolytically in 0.5 M H2SO4 and 1.4 g/L thiourea
H2NCSNH2 at room temperature and current densities of
30 A /m2.22
The specific electrical resistances of hydrogenated speci-
mens were measured by the four-probe method.12–16 The
current-voltage I-V curve for the four-probe method was
measured from 0 to 100 mA with a constant current step of
0.1 mA at room temperature, using Semiconductor Char-
acterization System 4200 Keithley Instruments Inc.. Elec-
trical resistance measurements of onset superconductivity
were determined by the temperature dependence of the dc
current four-probe method at a cooling rate of 1 K/min from
323 to 4.2 K in He of ambient pressure under a magnetic in
the High Field Laboratory IMR, Tohoku University.
The optional atom configuration and the adiabatic poten-
tial energy curve of the icosahedral cluster that consisted of
Ni–Nb–Zr–H were calculated by the first-principles density
aAuthor to whom correspondence should be addressed. Electronic mail:
fukuhara@imr.tohoku.ac.jp.
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functional calculations using the VIENNA AB INITIO SIMULA-
TION PACKAGE.23 The nuclei and core electrons are described
by the projector augmented plane-wave method24 and the
wave functions are expanded in a plane wave basis set with a
cut-off energy of 293.2 eV.
III. RESULTS
A. Effect of hydrogen for various electronic
behaviors
The temperature dependencies of the resistivities of
Ni0.36Nb0.24Zr0.40100−yHy 0y20 glassy alloys with dif-
ferent hydrogen contents are shown in Fig. 1. The resistivi-
ties showed large differences with increasing hydrogen con-
tent Figs. 1a–1d. The resistivity of Ni36Nb24Zr40, which
lacks hydrogen, increased almost linearly with decreasing
temperature down to 6 K Fig. 1a. The negative tempera-
ture coefficient of resistivity TCR value of −12.18
10−5 /K indicates a semiconducting character.
The resistivity of the Ni0.36Nb0.24Zr0.4096.1H3.9 alloy ini-
tially showed negative TCR behavior similar to the alloy
without hydrogen in the cooling run. However, in the heating
run, the resistivity decreased up to 123 K according to the
same curve as the cooling run but suddenly decreased to 3rd
order Fig. 1b at 124 K and then descended with TCR of
−7.5510−3 /K up to 350 K. The resistivity 0.07  cm
at 300 K was one-twentieth that of silver 1.62  cm at
room temperature. The similar behaviors were also inten-
sively observed for the Ni0.39Nb0.26Zr0.35100−yHy y=5.6,
6.3, 7, and 7.5 and Ni0.396Nb0.264Zr0.34100−yHy y=6.2 and
7.9 alloys. This superior conductivity resembles the ballistic
transport observed in one-dimensional, nanometer-scale
channels, such as quantum wires25 and carbon nanotubes26,27
at low temperature, in the form of quantum interference as-
sociated with coherence. However, it is not clear at present
time whether the mean free path of the electron is much
greater than the size of the medium or not. Thus, room-
temperature, superior transport behavior at the millimeter-
size level is of interest not only for the development of elec-
tronic devices but also for electric power applications. As
regards the cause of the drop in resistivity at 124 K, although
topologic change pseudotransition associated with the ac-
cumulation of strain is a possibility,28 we cannot confirm this
without further investigation.
The resistivity of the Ni0.36Nb0.24Zr0.4094.3H5.7 alloy in-
creased with TCR of −7.0510−5 /K down to 9.5 K and then
plunged to a dive down to 4.2 K Fig. 1c. However the
resistivity continued without decrease to 4.2 K under mag-
netic fields of 5 and 10 T. Indeed, the application of a mag-
netic field 4.7 T arrested the drop of resistivity see inset
in Fig. 1c. Thus, the drop from 9.5 K suggests the exis-
tence of superconductivity of type II. The detailed results for
diamagnetic effect will be described in a subsequent paper.29
Hydrogen of the distorted icosahedral Zr–Nb–Ni cluster ex-
pands the ZrNb tetrahedral sites,30,31 leading to a decrement
in the atomic distances of the neighboring sites due to the
high-pressure effect of hydrogen. Since the cluster can be
regarded as a nanoscopic 1 nm metallic island that is
isolated from other islands by potential barriers in the sub-
nanometer range, the tunneling of electron pairs to allow
transport among the clusters is feasible.
Figure 1d shows the temperature-dependent electric re-
sistivity of a Ni0.36Nb0.24Zr0.4090.7H9.3 alloy. The abnormal
resistivity continued from 148 K down to 127 K in the cool-
ing run and from 27 K to up to 245 K in the heating run. This
is the electric current-induced voltage amplification based on
Coulombic oscillation of a proton, as described above. How-
ever, when the glassy alloy absorbed hydrogen over a thresh-
old content, the point at which hydrogen atoms fully occu-
pied the tetrahedral sites that are surrounded in a tetrahedral
arrangement by four ZrNb atoms, the hydrogen was forced
to penetrate into the vacancies and consequently, the tunnel-
FIG. 1. Color Temperature dependence of the resistivities of the
Ni0.36Nb0.24Zr0.40100−yHy alloys with different hydrogen contents a y
=0, semiconducting; b y=3.9, superior conducting; c y=5.7, super-
conducting transports; and d y=9.3, Coulombic oscillation.
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ing phenomenon disappeared. Thus, the Coulombic oscilla-
tion of the proton requires an appropriate atomic ratio of Zr
to hydrogen Zr:H of 4:1.
We observed similar resistivity variations for restricted
contents of hydrogen and Zr. The effects of Zr and H content
on these variations for Ni0.6Nb0.41−xZrx1−yHy glassy alloys
are collectively presented in Fig. 2. In the figure, the blue,
red, and green solids represent the alloys that were observed
to have semi- and superior conducting properties and Cou-
lombic dot tunneling, respectively, and the cross denotes al-
loys that showed onset superconductivity above 5.5 K. The
electronic transport behaviors of interest can be classified
into four groups. Since superior electric transport occurs at
limited region of 34–35 at. % Zr and 5–7.5 at. % H, the
representative example for the alloy with 35 at. % Zr is pre-
sented at Fig. 5 in Appendix.
B. Negative resistance
In reference 14, the frequency of Coulombic oscillation
decreased remarkably with increasing capacitance and resis-
tance at room temperature. This behavior is analogous to
block oscillation with charge-discharge in a discharge tube.
The oscillation in the discharge tube replaces a semiconduc-
tor with negative resistance.32 Negative resistance is a prop-
erty of electrical circuit elements that are composed of cer-
tain materials for which, over certain voltage ranges, current
is a decreasing function of voltage. There are two forms of
negative resistance, type N and type S. The former, which
shows voltage-controlled behavior, is used in devices such as
the tunnel diode and Gunn diode, while the latter current-
controlled type is found in devices such as the unijunction
transistor, neon lamps, thyristors, resonant tunneling transis-
tors, and old carbon arc oscillators.
We measured the current-controlled I-V characteristics
of the Ni36Nb24Zr4090.1H9.9 alloy in the current region from
0 to 100 mA Fig. 3. The current did not flow up to 2.24 V,
irrespective of voltage, and then increased linearly up to
19.99 V under the Ohmic rule. Subsequently, the current
jumped to 100 mA, reflecting an electron avalanche. Strictly
speaking, the voltage was reduced slightly at high-current
inset in Fig. 3. Thus, it is clear that the glassy alloy is
transformed suddenly from an insulator into an extremely
good conductor. This behavior resembles that of a current-
controlled S type negative resistor. Although it is known that
there are high- and low-current density regions in a region of
negative resistance, we could not measure the electrical char-
acteristics of the high-current-density region owing to the
high-density limitation of our device.
IV. DISCUSSION
As can be seen from above mentioned results, the doping
of hydrogen for glassy alloys of interest plays important
roles in various electron transport phenomena. We consider
the reason the calculated adiabatic potential energy of the
hydrogen atom for the distorted icosahedral Zr5Ni5Nb3 clus-
ter, with composition close to that of the Ni36Nb24Zr40 alloy,
provided that the energy of the hydrogen on the surface of
cluster is not significantly changed by the presence of the
nearly cluster. The potential energy A in Fig. 4 of hydrogen
adsorbed by the outer surface of the cluster was lower than
that B in Fig. 4 of the bonding state between Zr or Nb and
H atoms settled in the cluster. In other words, the outer ad-
sorbed hydrogen of the cluster is in a stable state and the
inner bonding hydrogen in the tetrahedral is in a metastable
state. This result provides the following assumptions. The
hydrogen atom localizes to a space site between the clusters
and then enlarges the space and lastly construct zigzag tun-
nels of width 0.26 nm on average the width will be reported
in coming-up paper33 due to high pressure effect of hydro-
gen in electroanalysis, as hydrogen content increases. When
hydrogen content reaches to around 7 at. %, the hydrogen
begins to plunge into the tetrahedral sites of the clusters.
However, since the clusters are combined with small amount
of the Voronoi-type polyhedra, precise calculation needs de-
tailed information for atomic configuration.
The localization of hydrogen also induces shrinkage of
atomic distance in addition to construction of tunnels, as re-
ported in previous papers.30,31 Thus, the existence of the
outer hydrogen appears to be related to the occurrence of
superior electric transport. In this case, the superior conduc-
FIG. 2. Color The effects of Zr and H contents on the occurrence of
semiconducting, superior conducting, and superconducting transport and
Coulombic oscillation properties of the Ni0.6Nb0.41−xZrx1−yHy 30x
50, 0y0.2 glassy alloys.
FIG. 3. I-V characteristic of the Ni0.36Nb0.24Zr0.4090.1H9.9 glassy alloy at
room temperature.
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tance would be derived from electron tunneling along the
cluster arrays because the mean free path of the electron is
larger than that 0.26 nm Ref. 33 of the tunnel width
between clusters. Indeed, the electrical transport in multi-
walled carbon nanotubes is shown to be ballistic at room
temperature with mean free paths on the order of tens of
microns.27 Since the glassy alloy can be considered as a self-
organized assembly of low-capacitance, multiple-junction
configurations, i.e., a huge assembly of 1-nm-sized quantum
dots, by ac impedance analyses,33 we can image the exis-
tence of macroscopic quantum electron tunneling passes
along the arrays in the glassy alloys, even if there are poor
conduction cluster passes combined with small amounts of
other Voronoi-type polyhedra with relatively long atomic
distances.33,34 The superior conductance effect is promising
for future electron devices and electric power applications
such as lower supply voltage and leading to low power con-
sumption. Further work in this interesting area based on clus-
ter science is warranted. Furthermore, the atomic configura-
tion for the icosahedral clusters shown in Fig. 4 becomes
stable when the number of Ni atom is 4–5 in an icosahedral
cluster consisting of 13 atoms.
In contrast, superconductivity occurred with hydrogen
compositions of 0–8 at. %. The atomic configurations of
Ni36Nb24Zr40 and Ni36Nb24Zr4090.1H9.9 glassy alloys have
been analyzed by x-ray absorption of fine structure XAFS
measurement using strong radiation photos of SPring-8.30,31
The atomic radii of Zr, Nb and Ni 0.1655, 0.1605, and
0.0985, respectively for Ni36Nb24Zr4090.1H9.9 glassy alloy
are longer than those of crystalline Zr and Nb, and shorter
than one of crystalline Ni, in comparison with those of the
crystalline forms 0.160, 0.145, and 0.124 nm,
respectively.35 The shorter atomic distance is necessary and
sufficient for the occurrence of superconductivity.29,36 Based
on the atomic configuration of the Zr–Ni–Al system,37 we
can postulate millimeter-size zigzag paths linking the Ni–Ni–
Ni-array in the distorted icosahedral Zr–Nb–Ni clusters to
the array in the neighbor one, by electron pair tunneling. It is
known that the electron pair, as well as a single electron,
could easily tunnel between the clusters with size of 1 nm.
Thus the cluster can be also regarded as a nanoscopic 
1 nm metallic island that is isolated from other islands by
potential barriers of vacancy. In addition, destruction of su-
perconductivity could be derived from electromagnetic re-
pulsion between Ni spins in the cluster or between Ni spin in
the cluster and Ni one in the neighbor cluster under strong
magnetic field, leading to total orbital angular magnetic mo-
ment, L0.29,38
The drop in resistivity at 124 K in heating run of Fig.
1b and at 240 K in cooling run of Fig. 5 see Appendix
would be due to topologic change pseudotransition of clus-
ters, as well as a cause of internal friction peaks in low
temperature regions.28 The morphology change is associated
with two kinds of cluster ordering.39 One is due to the special
short range ordering, so-called topological short range order-
ing, and another is the chemical short range ordering, so-
called compositional short range ordering. The intrinsic
cause of the drop in resistivity needs for precise atomic con-
figuration analysis. Furthermore, it is difficult to elucidate
the cause of valleys at 63 and 51 K in cooling and heating
runs of Fig. 5, respectively, at present time. In this interesting
work, it requires further studies such as measurement and
theory of mean free path of electrons.
V. CONCLUSIONS
Characteristic electric resistivity of the
Ni0.36Nb0.24Zr0.40100−yHy 0y20 glassy alloys with
distorted nanostructural icosahedral Zr5Nb5Ni3 clusters was
measured in the temperature region between 373 and 6 K.
The resistivity of alloy without hydrogen showed semicon-
ducting behavior. The Ni0.36Nb0.24Zr0.4096.1H3.9 alloy re-
vealed superior electric transport which was one-twentieth
lowers than resistivity of silver at room temperature. The
resistivity measurement of the Ni0.36Nb0.24Zr0.4094.3H5.7 al-
loy showed a type II-superconductivity with onset tempera-
ture of 10 K, but the application of a magnetic field 4.7 T
arrested the drop of resistivity. The resistivity of the
Ni0.36Nb0.24Zr0.4090.7H9.3 and the Ni0.36Nb0.24Zr0.4090.1H9.9
alloys showed the electric current-induced voltage Cou-
lomb oscillation and the electron avalanche behavior ob-
FIG. 4. Color Calculated potential energy curve for the interaction of the
H atom with the icosahedral Zr5Ni5Nb3 cluster as a function of the position
of the H atom relative to the cluster. The models comprise Zr5Ni5Nb3 clus-
ters with hydrogen adsorbed to the outer front of the cluster and combined
with ZrNb atoms in the cluster.
FIG. 5. Color Superior conducting behavior of the
Ni0.39Nb0.26Zr0.3593.7H6.3 alloy.
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served in current-controlled S type negative resistor, respec-
tively. From the calculated adiabatic potential energy of the
hydrogen atom for the distorted icosahedral Zr5Ni5Nb3 clus-
ter, these results suggest that the localization effect of hydro-
gen at the outside and inside space of the clusters plays im-
portant roles in various electron transport phenomena. Thus
this paper will throw new light for new science and technolo-
gies based on cluster science.
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APPENDIX
Although hydrogen effect-electronic transport behaviors
for the Ni0.36Nb0.24Zr0.40100−yHy 0y20 glassy alloys
were reported in Figs. 1 and 4, the similar behaviors were
also observed in other compositions, as shown in Fig. 2. The
superior conducting behaviors were also intensively ob-
served for the Ni0.39Nb0.26Zr0.35100−yHy y=5.6, 6.3, 7, and
7.5 and Ni0.396Nb0.264Zr0.34100−yHy y=6.2 and 7.9 alloys.
We show the representative data for the alloy with
35 at. % Zr, Ni0.39Nb0.26Zr0.3593.7H6.3, in Fig. 5, to make
assurance doubly sure. The resistivity of the
Ni0.39Nb0.26Zr0.3593.7H6.3 suddenly falls down to order of
0.01  cm at 240 K, and then continued down to around
100 K in cooling run. Subsequently the resistance showed
one valley at 63 K, and lastly recovered to order of
0.01  cm as the temperature decreased. In the heating
run, the resistivity varied according to the similar curve as
the cooling run, except for minimum value at 51 K, and then
ascended once again as the temperature increased to 341 K.
The resistivity 0.12  cm at 300 K was one-fourteenth
that of silver 1.62  cm at room temperature.
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